Abstract. Many recent models underpredict secondary organic aerosol (SOA) particulate matter (PM) concentrations in polluted regions, indicating serious deficiencies in the models' chemical mechanisms and/or missing SOA precursors. Since tropospheric photochemical ozone production is much better understood, we investigate the correlation of odd-oxygen ([O x by a factor of ∼2 between 08:00 and 13:00 local time. This decrease is only partially attributable to evaporation of the least oxidized and most volatile components of OOA; differences in the diurnal emission trends and timescales for photochemical processing of SOA precursors compared to ozone precursors also likely contribute to the observed decrease. The extent of OOA oxidation increased with photochemical aging. Calculations of the ratio of the SOA formation rate to the O x production rate using ambient VOC measurements and traditional laboratory SOA yields are lower than the observed [OOA]/[O x ] ratios by factors of 5 to 15, consistent with several other models' underestimates of SOA. Calculations of this ratio using emission factors for organic compounds from gasoline and diesel exhaust do not reproduce the observed ratio. Although not succesful in reproducing the atmospheric observations presented, modeling P (SOA)/P (O x ) can serve as a useful test of photochemical models using improved formulation mechanisms for SOA.
Introduction
Numerous cities in the world struggle to attain air quality standards for ozone and fine particulate matter. The adverse impact of elevated concentrations of ozone and particulate matter on public health has been well documented and includes excess mortality counts (Izzotti et al., 2000) , emergency room visits (WHO, 2003) , exacerbation of asthma (McCreanor et al., 2007) , and other negative health effects (Pope and Dockery, 2006) . The outflow of elevated levels of ozone and PM from megacities impacts climate change as well. Ozone is a greenhouse gas and exerts a positive radiative forcing (i.e., warming effect). The uncertainties associated with the radiative forcings of aerosol (both direct and indirect) continue to comprise the largest source of uncertainty in the radiative forcings in climate models (Forster et al., 2007) .
The science of tropospheric ozone formation was first investigated following the discovery of photochemical smog in LA in the late 1940s, and has matured greatly in the last 60 years. The rate of ozone production can be quantified by various methods (Cazorla and Brune, 2009; Thornton et al., 2002; , and its non-linear dependence on its chemical precursors -volatile organic compounds (VOCs) and nitrogen oxides (NO x ) -has been examined in several studies (Jaegle, 1999; Kleinman, 2005; Thornton et al., 2002) . Although not complete, the chemical mechanisms through which VOC oxidation leads to ozone production have been elucidated through well-established laboratory techniques (Atkinson, 2000) . Results from ozone photochemical models are used by policymakers to design air pollution mitigation measures such as state implementation plans (SIPs) in the U.S. Although some predictive models are accurate to within 30% (e.g., Lei et al., 2007) , serious knowledge gaps do remain (Hofzumahaus et al., 2009 ). Additionally, air quality models are often limited by the quality of emissions and meteorological input data.
In contrast, the underlying science of SOA formation is less mature. The chemical mechanisms that control SOA formation often involve larger organic molecules and more complex pathways and are far from fully understood (Hallquist et al., 2009 ). SOA formation is often studied under controlled conditions in smog chambers. These studies provide valuable insights into SOA formation mechanisms and PM yields. However, the conditions under which these experiments are conducted do not fully simulate atmospheric conditions. Since most chamber studies are limited to small numbers of precursor organic compounds, they may miss synergistic interactions among the numerous emitted organic compounds, their atmospheric oxidation products, and other atmospheric species. Several studies using traditional models (those in use before 2006) have predicted SOA concentrations that are low by an order of magnitude in both the polluted boundary layer (de Gouw et al., 2005; Kleinman et al., 2008; Volkamer et al., 2006) and the free troposphere (Heald et al., 2005) . A recent noteworthy study showed that semivolatile and intermediate volatility organic compounds may play a dominant role in SOA formation in urban locations . Furthermore, there is disagreement over the importance of anthropogenic versus biogenic and biomass burning SOA precursors (de Gouw and Jimenez, 2009; de Gouw et al., 2009; Marley et al., 2009) .
The apportionment of measured particulate organic carbon or OA mass into primary and secondary contributions has not been straightforward, with POA often being overestimated by the widely used EC-tracer method Zhang et al., 2005b) , which is based on the ratio of organic aerosol to elemental carbon. Recent advances in organic aerosol analysis with rapid water-soluble organic carbon (WSOC) analysis and factor analysis of aerosol mass spectrometer (AMS) data has, however, provided new insights into the partitioning of OA into several components in diverse locations Hagino et al., 2007; Lanz et al., 2007; Sullivan et al., 2004; Zhang et al., 2005a) . In particular, these analyses allow for the OA mass observed in ambient locations to be separated into contributions from a few key components. Globally, the oxygenated organic aerosol component (OOA) has been found to account for 64% to 95% of observed OA, with higher percentages observed at more rural sites . Two broad subtypes of OOA, "low-volatility OOA" (LV-OOA) and "semi-volatile OOA" (SV-OOA), which differ from each other according to their volatility and extent of oxidation have also been identified . At most sites, the time trends, mass spectra, correlation of tracers, and comparison with SOA estimates from other techniques indicate that most or all the OOA component corresponds to SOA Herndon et al., 2008; Volkamer et al., 2006) . Another common component of OA is hydrocarbonlike organic aerosol (HOA). The time trends and spectra of the HOA component, on the other hand, closely resemble primary organic aerosol (POA), likely from multiple combustion sources that cannot be separated due to the similarity of their mass spectra . Different types of OOA that correlate with inorganic tracers of different volatilities have been identified from AMS measurements (Lanz et al., 2007; . Biomass burning organic aerosol (BBOA) components have also been observed and characterized .
In this paper, we extend the previously reported observations of OOA and O x in Mexico City during the MILAGRO 2006 campaign (Megacity Initiative: Local and Global Research Observations) and also compare to observations near Houston, Texas from the 2000 Texas Air Quality Study (TexAQS) . The ratio of SOA production to O x production is calculated using VOC measurements (up to a carbon number of 12) from Mexico City and Houston using traditional laboratory SOA yields. Similar ratios for organic emissions from gasoline and diesel-fueled vehicles are calculated using known emission factors. These calculations do not accurately reflect the observed concentration ratios, but shed light on possible mechanisms. The observations of the correlations between OOA and O x may also be useful because it could allow for empirical predictions of SOA production in other locations from the better-characterized O x production predictions. Since these methods of characterizing SOA formation chemistry focus on predicted ratios rather than absolute concentrations of secondary pollutants, detailed knowledge of many aspects of meteorology, transport, and [OH] are unnecessary.
Experimental methods

Aerodyne mobile laboratory, MILAGRO 2006
Measurements of NO, NO 2 , NO y (NO y ≡ NO + NO 2 + HNO 3 + organic nitrates + 2*N 2 O 5 + HONO + particulate nitrate + . . . ), HNO 3 , CO, O 3 , C 2 -C 12 VOCs, black carbon, submicron organic aerosol, sulfate aerosol, and nitrate aerosol in Mexico City were made aboard the Aerodyne Mobile Laboratory (AML) . During the MILAGRO 2006 campaign, the AML spent several days at numerous sites, including 9 days (8 March-20 March 2006) atop Pico de Tres Padres (PTP), a mountain within the Mexico City Valley. PTP is ∼10 km northeast of "T0" and ∼19 km southwest of "T1" -two of the ground "supersites". Due to its elevation (750 m above the basin elevation of 2.2 km) and location within the Mexico City Metropolitan area, the measurements at PTP were not greatly impacted by local sources (i.e., sources within 6 km), as described previously . The AML also spent 3 days at T0 which is located within the core of the urban area and greatly affected by traffic and other emissions. A map of these sites in Mexico City can be found in .
Details of most of the instrumentation used aboard the AML have been presented in a related manuscript and only those most relevant to the analysis presented are described. Size-resolved non-refractory submicron particulate chemical composition was measured with an Aerodyne C-ToF aerosol mass spectrometer . The AMS measures mass concentrations of non-refractory species in the 50 nm-1000 nm (vacuum aerodynamic diameter) size range, and thus provides a good representation of the total mass in the sub-micron accumulation mode. A collection efficiency of 0.5 was used for AMS measurements (estimated uncertainty of 20%) aboard the AML as described in . This is consistent with multiple previous AMS measurements from Mexico City DeCarlo et al., 2008; Kleinman et al., 2008; Paredes-Miranda et al., 2009; Salcedo et al., 2007; Salcedo et al., 2006) . Black carbon mass loading was measured using a Thermo Electron Multi-Angle Aerosol Photometer (MAAP) instrument (Petzold and Schoenlinner, 2004) . A mass specific absorption coefficient of 6.6 m 2 /g was used to convert from absorption to black carbon mass. With the exception of the canister VOC measurements, all AML data are presented as 1-min averages.
Ozone was measured with a 2BTech model 205M UV absorbance spectrometer (2% uncertainty). Benzene, toluene, C 2 -benzenes (sum of ethylbenzene and xylene isomers), C 3 -benzenes (sum of C 9 H 12 isomers), acetone, acetaldehyde, and acetonitrile were continuously measured with a proton transfer reaction mass spectrometer (PTR-MS) (Rogers et al., 2006) with an uncertainty of 25%. Whole air samples were collected in stainless steel canisters in Mexico City for subsequent quantification (30% uncertainty) of C 2 -C 13 VOCs using gas chromatography with flame ionization detection (Seila et al., 2001 , and see Supporting Information Table S1 ). CO, NO 2 , and HCHO were measured using tunable infrared laser differential absorption spectrometers with an uncertainty of 15% ).
C-130 aircraft, MILAGRO 2006
Organic aerosol was measured at various altitudes and distances from Mexico City aboard the NCAR/NSF C-130 aircraft using an Aerodyne high resolution time of flight AMS DeCarlo et al., 2006) . The concentration and speciation measured in the aircraft during overflights of T0 were consistent with that observed at the ground site . Ozone was measured on the C-130 using chemiluminescence with an accuracy of 5% (Ridley et al., 1992) , and NO 2 was measured using photofragmentation via 395-nm light-emitting diodes followed by chemiluminescence detection of NO, with a typical accuracy of 10%. 12 s averages are presented.
La Porte, TexAQS 2000
Measurements in Houston during the 2000 Texas Air Quality Study (TexAQS) were made at La Porte, TX which is 40 km southeast of downtown Houston and 20 km south of the Houston Ship Channel, which contains a high density of petrochemical facilities. C 2 -C 10 hydrocarbons were measured by two different instruments: gas chromatography with flame ionization detection for C 2 -C 5 hydrocarbons and gas chromatography with mass spectrometric detection for C 4 -C 12 hydrocarbons, as described in detail elsewhere Kuster et al., 2004) . Organic aerosol was measured with an Aerodyne quadrupole AMS . Formaldehyde was measured with differential optical absorption spectrometry (Geyer et al., 2003) . NO, NO 2 , NO y , O 3 , and CO were measured with NOAA instrumentation as described elsewhere (Thornton et al., 2003; Williams, 1997) . Black carbon was measured with an aethelometer. All data are averaged on a ten-minute time-basis.
Positive Matrix Factorization of AMS data
Positive matrix factorization (PMF) (Paatero and Tapper, 1994) was used to analyze unit mass resolution AMS spectra of organic aerosol using the methods described in . For both LaPorte and Mexico City datasets, HOA, OOA, and BBOA components dominate the observed OA composition. As in other urban sites mass spectral comparisons with reference spectra as well as correlations with external tracers, elemental composition, and diurnal cycles indicate that the HOA and OOA factors are largely dominated by primary and secondary aerosol sources. The BBOA component correlates well with gas phase acetonitrile and other biomass burning tracers and FLEXPART-predicted fire impacts . Its mass spectrum is distinguished by high intensities of m/z 60 and m/z 73 which are mass spectral markers for the biomass burning tracer levoglucosan. Unit mass resolution spectra of BBOA contain features that are common to HOA and OOA component mass spectra as well. Thus, in cases where the time trend of BBOA is similar to either or both of these components, the HOA and OOA components extracted from unit mass resolution PMF analysis of AMS data can contain some residual contribution from BBOA. Aiken et al. (2008) have shown that this issue is less important in PMF analysis of high resolution (HR) AMS data because of the greater differences between the HR ions of the BBOA component and the HOA or OOA components.
PMF solutions are not necessarily unique particularly with respect to rotations (i.e. linear transformations of the factor time series and mass spectra). The rotational ambiguity of solutions in PMF can be explored with the FPEAK parameter . The central solution obtained with PMF corresponds to an FPEAK value of 0. Qualitatively, when compared with the FPEAK=0 solution, negative FPEAK values result in greater differences between the factor time series and increasing similarities between the factor mass spectra. The opposite is observed when comparing solutions from positive FPEAK values with FPEAK=0 solutions . For the La Porte AMS dataset the PMF solution obtained with FPEAK=−0.3 was found to be the optimal solution with the least amount of residual BBOA contribution to the HOA and OOA components during known biomass burning dominated plumes observed during the campaign. For the Mexico City data, the FPEAK parameter was not as effective at reducing the residual contributions of BBOA to other components. Thus, the FPEAK=0 solution was reported by Herndon et al. (2008) . In this analysis we use OOA/BBOA and HOA/BBOA ratios in biomass burning dominated plumes (i.e. time periods with minimal influence from photochemical activity and vehicle emissions) to apportion the residual primary BBOA related contributions to the HOA and OOA reported by . Thus, the BBOA mass concentrations reported in this manuscript are higher than those reported in Herndon et al. (2008) . This analysis also separates out a distinct "local organic aerosol" (LOA) factor, similar to that observed by Aiken et al. (2010) at the T0 site in Mexico City, from the total HOA factor reported by Herndon et al. (2008) . Thus in this analysis the HOA/CO ratio observed at PTP is 7.9 µg m −3 /ppmv compared to the 12 µg m −3 /ppmv reported by Herndon et al. (2008) . This updated value is very similar to those observed in Mexico City by others DeCarlo et al., 2010; Dzepina et al., 2009 ). In the absence of biomass burning plumes, the OOA values used in this analysis are typically about 0.4 µg/m 3 lower than those used by Herndon et al. (2008) , but the OOA/O x slopes in this analysis differ from those reported by Herndon et al. (2008) by less than 20%. Note also that the aerosol mass loadings (µg/m 3 ) shown in Herndon et al. (2008) were expressed at ambient conditions while in this work the mass loadings for all datasets are converted to standard temperature and pressure (273 K, 1 atm) in order to facilitate comparison.
To ensure that air masses heavily influenced by biomass burning were excluded from the analysis, we filter the Mexico City data using the ratio of acetonitrile (CH 3 CN) to CO, which is a common metric of biomass burning influence (de Gouw et al., 2006; Kleinman et al., 2008 (Kleinman et al., 2008; Knighton et al., 2007 , NO y , black carbon, and CO at the PTP site in Mexico City. The air masses observed at PTP have been described previously . Typically, the concentrations of all species rose sharply starting at ∼09:00 local time due to upslope transport ( Fig. 1) , whereas the mixing layer depth usually did not grow to the elevation of PTP (750 m above the Mexico City plateau elevation) until 11:00 as observed at T0 (Shaw et al., 2007) . The concentration of CO usually peaked near 11:00 and then decreased as the effect of dilution due to further rise of the boundary layer outpaced the flux of fresh emissions from below. The air masses observed at PTP were Atmos. Chem. Phys., 10, 8947-8968, 2010
Results
Pollutant concentrations at PTP and Houston
www.atmos-chem-phys.net/10/8947/2010/ E. C. Wood et al.: Correlation between odd oxygen and secondary organic aerosol ). The relatively constant scaling among the primary pollutants NO y , black carbon, and CO is evident in Fig. 1 and other locations in Mexico City and elsewhere (e.g., Takegawa et al., 2006; Volkamer et al., 2006; Zhang et al., 2005b) .
The highest OOA and O 3 values were observed on 11 and 12 March 2006, two days that were characterized by relatively stagnant air in the afternoon. These two days are used in this paper as a representative subset of mixed urban emissions from Mexico City, similar to their use in .
Observations of the same chemical species in La Porte are shown in Fig. 2 . Concentrations of O 3 were similar to the PTP values -the peak values were above 200 ppbv, and on several days O 3 exceeded 100 ppbv for several hours. Average NO y concentrations were similar, but [CO] (and therefore [CO]/[NO y ]) was much higher in Mexico City due to the high average CO emission factor from the motor vehicle fleet ). The occasional NO y "spikes" in Fig. 2 are from gas-fired power plant plumes and industrial NO x emissions. Prior to 4 September 2000, the main influences on the air observed at La Porte were urban emissions and petrochemical industry emissions. Back-trajectory analyses indicate that changes in the prevailing wind patterns between 4 and 8 September 2000 brought aged air masses to La Porte that had undergone long range transport and were significantly affected by biomass burning , 2010) . RF3 was performed during a period in the campaign when biomass burning in and around Mexico City had a significant influence on the OA concentration measured aloft onboard the NCAR/NSF C-130. During RF12 the influence of biomass burning was greatly reduced due to frequent rain that had suppressed fire activity near the end of the month Fast et al., 2007) .
Scatter plots between OOA and O x at PTP, La Porte, and the two C-130 research flights are shown in Fig. 3 . Data from 11 March and 12 March 2006 are colored separately in the top panel for distinction. Linear regression slopes were determined using a bi-variate linear fitting routine (Neri et al., 1989) . The uncertainty in the slopes is typically less than 10%. For the entire PTP data set, the slope of the graph of [OOA] ] for the air masses observed during RF12 was 152 (R 2 =0.74). The large grouping of points from RF12 centered around 70 ppb O x and 3 µg/m 3 OOA are data from a regional airmass that was likely influenced by rain on the previous day. In Houston, two distinct air masses were observed ( 
Subcomponents of OOA at PTP
The PMF analysis of the organic aerosol data from PTP produced two classes of OOA that have been classified as "semi-volatile OOA" (SV-OOA) and "low-volatility OOA" (LV-OOA) according to their relative degree of oxidation Ng et al., 2010) . The sum of these two components is equal to total OOA. The mass spectra of the components show that LV-OOA is more oxidized than SV-OOA . Similar subtypes of OOA have also been observed in other field studies Lanz et al., 2007 Lanz et al., , 2009 Ng et al., 2010) . These studies indicate that the LV-OOA component is also less volatile than the SV-OOA component (Lanz et al., 2007; OOA were observed, the LV-OOA fraction was equal to 0.8 -consistent with the highly aged character of the air in the residual layer.
The Figure 5 shows that the decrease in OOA/ O x on 11 and 12 March 2006 was due to the variation in SV-OOA and not LV-OOA. The SV-OOA/ O x slope decreased from 105 µg m −3 /ppmv between 09:00 and 11:00 to 62 µg m −3 /ppmv in the afternoon -almost a factor of two decrease. LV-OOA and O x were well correlated throughout both days (R 2 =0.96), with a slope that increased slightly in the afternoon, though not far from a value of 64 µg m −3 /ppm. There is no observed decrease in LV-OOA/ O x with photochemical age or temperature, unlike the decrease observed in OOA/ O x with photochemical age . Similar slopes between LV-OOA and SV-OOA with O x are observed for the entire
). This degree of correlation is similar to that observed near Zurich, in which the R 2 for LV-OOA/ O x was 0.51 (Lanz et al., 2007) . SV-OOA correlated well with nitrate aerosol (R 2 =0.96 on 11 and 12 March 2006), similar to AMS observations in Pittsburgh and Switzerland (Lanz et al., 2007) and to correlations of particulate water-soluble organic carbon with nitrate aerosol observed at the T1 site in Mexico City (Hennigan et al., 2008) . Since gas-phase nitric acid (HNO 3 ) concentrations are usually much lower than nitrate aerosol concentrations in Mexico City, SV-OOA also correlates well with the sum of aerosol nitrate and HNO 3 (not shown). 
Discussion
In order to further understand the observed correlations in Mexico City and Houston, we present a simple model that calculates the ratio of SOA formation to O x production based on VOC measurements, OH rate constants, and organic aerosol yields.
O x and SOA production
Secondary organic aerosol formation is the result of gasparticle partitioning of low-volatility compounds formed by the atmospheric oxidation of VOCs. Since O x is also formed as a by-product of VOC oxidation and both SOA and O x have long lifetimes (>12 h), it is tempting to expect that SOA and O x concentrations should be correlated to some extent. Both ozone production and SOA formation can be thought to be initiated by the oxidation of VOCs with the hydroxyl radical (OH). Consider the oxidation of an alkane (RH):
In the above reaction sequence, R is an alkyl radical (e.g., CH 3 ·), RO 2 is an organic peroxy radical (e.g., CH 3 O 2 ), RO is an alkoxy radical, and R O is a carbonyl. The secondary oxygenated organic compound (carbonyl or aldehyde) produced by this reaction sequence (such as HCHO) can undergo further oxidation and in some cases photolysis to produce more ozone, until all the carbon in the initial VOC is either ultimately oxidized to CO 2 or processes occur that remove the organic carbon from active gas-phase oxidation (e.g. deposition, aerosol formation). For some organic compounds, the atmospheric oxidation proceeds solely in the gas phase, as depicted above. For other VOCs, the oxidation products formed have a low enough vapor pressure that they partition into aerosol particulate matter. The results of several laboratory SOA studies have suggested that the fate of the RO 2 radical is key to determining the aerosol formation yield (Kroll and Seinfeld, 2008) . Thus the rates of both ozone production and secondary organic aerosol formation are intimately connected to the rate of VOC oxidation.
Formulation of P (O x )
A common method of expressing the rate of gross O x production is to equate it to the sum of the rates of Reactions (R3) and (R5):
Calculation of O x production rates using Eq. (1) requires measurements of HO 2 and speciated organic peroxy radicals (RO 2 ), which are rarely available in field studies. Equation (2) shows a common alternative formulation of the rate of O x production, where P (O x ) is related to the rate of the oxidation of VOCs by OH (usually the rate limiting step), producing peroxy radicals (Kleinman, 2005; Rosen et al., 2004) :
where a i = the number of HO 2 and RO 2 radicals propagated from each OH + VOC reaction (2 for the reaction sequence 1-7), and F i = the fraction of RO 2 radicals that oxidize NO to NO 2 . Peroxy radicals can also be formed by mechanisms other than the oxidation of VOCs by OH, e.g. photolysis of oxygenated VOCs and ozonolysis of alkenes. Additional terms can be included in Eq. (2) to account for these processes; the most important is usually photolysis of formaldehyde . Based on OH estimates by and OH measurements (Dusanter et al., 2009; Shirley et al., 2006) in Mexico City combined with our measurements of HCHO, we estimate that ignoring the peroxy radicals formed from HCHO photolysis when using Eq. (2) leads to an underestimate of P (O x ) by approximately 15%. Disregarding these additional terms simplifies later equations (i.e., Eq. 4). Equation (2) also assumes that HO 2 reacts solely with NO (see Supporting Information). This is the same formulation for P (O x ) as used in Rosen et al. (2004) and very similar to those presented in previous studies (Kleinman, 2005; Tonnesen and Dennis, 2000) , though different variables have been used -in particular, "a" is used in Eq. (2) instead of the "Y " used by Kleinmann et al. (2005) in order to avoid confusion with aerosol yields.
The value of F in Eq. (2) is determined by the relative rates of Reaction (R3) and competing pathways for the peroxy radical reactions, including self reaction, reaction with HO 2 , the association with NO 2 to form peroxynitrates (such as peroxyacetyl nitrate -PAN), and the association with NO to form alkyl nitrates. As such, the value of F depends on the identity of the organic moiety "R" of each peroxy radical, since the alkyl nitrate yield increases with carbon number (Arey et al., 2001 ). The NO x -dependence of ozone production is implicit since [OH] is strongly affected by [NO x ].
Formulation of P (SOA)
By assuming that the predominant mechanism that initiates SOA formation is the oxidation of VOCs (or more accurately "organic vapors") by reaction with OH, an SOA "production rate" P (SOA) can be expressed as
where y i are the SOA formation yields. These yields are a function of several reaction conditions, including temperature, [NO x ] and the aerosol phase onto which the condensing organic compounds partition (Kroll and Seinfeld, 2008) . The calculated ratio of the formation rates of SOA and O x is given by Eq. (4):
Since the OH terms have conveniently cancelled out, Eq. (4) can be evaluated using the measurements of VOCs (in Mexico City and La Porte) and the laboratory-determined values for k, y, a, and F . For this analysis, we compare the ratio of production rates to the concentration ratios
These are, of course, different quantities. Measured concentrations of secondary species like O x and OOA at a stationary site are determined by the underlying chemical and physical processes that have occurred in the air masses observed, which may have several sources of origin (possibly with different precursor emission profiles). If all transport terms are ignored (including the dilution caused by a growing boundary layer), then the ratio of the change in the SOA and O x concentrations over the time period t1 and t2 can be expressed by Eq. (5):
where P and L are the production and loss rates, respectively, and 
In addition to the assumptions made above, Eqs. (5) and (6) assume that horizontal transport has no effect and also ignore the dilution caused by the rise of the boundary layer (during which there is mixing with air above ). The total O x losses were equal to approximately 20% of the gross O x production rate.
There are also several loss mechanisms for SOA. Evaporation of SOA is considered a loss mechanism in this framework of SOA production and loss, even though the loss may be temporary as the semivolatile species may condense later upon cooling or further reaction. Both primary and secondary species partition between the gas and condensed phases, depending on temperature, the total species concentration, and the concentration of the absorbing aerosol phase (M o ) (Pankow, 1994a, b) . Depositional processes (wet or dry deposition) dominate the more permanent sinks of atmospheric fine PM. Wet deposition lifetimes are typically on the order of several days to a week, while lifetimes against dry deposition are typically longer Nemitz et al., 2008) . Values of at least a week seem reasonable for March 2006 in Mexico City given the general absence of precipitation until 23 March 2006 (the data from C-130 RF12 was likely affected by precipitation). Wet deposition also likely affected SOA concentrations in La Porte. Dry deposition of the gas-phase semivolatile oxygenated species that are in equilibrium with SOA is expected to be much faster, but it has not been constrained experimentally. If the deposition velocity of these oxygenated semivolatile organic compounds is as large as that of nitric acid, they would experience dry deposition losses of several percent per hour . The lack of quantitative characterization of these vapor losses adds uncertainty to any studies of SOA over longer time periods. Heterogeneous oxidation might also affect the lifetimes of organic aerosol, but the effect on the data presented here is probably not dramatic: laboratory results suggest such processes also require at least several days (Molina et al., 2004 ) though they may be important over substantially longer timescales (e.g., George et al., 2007) . Field measurements also suggest that heterogeneous oxidation is of minor importance over the timescales studied here (Murphy et al., 2007; DeCarlo et al., 2008) . The importance of SOA evaporation is examined in Sect. 4.5.
Calculations of P (SOA)/P (O x ) with VOC measurements
Using Eq. (4), P (SOA)/P (O x ) was calculated for each time period at PTP, T0, and La Porte with VOC canister measurements. The values used for the parameters k OH , a and F in the denominator of Eq. (4) are adopted from Rosen et al. (2004) . F is equivalent to the term (1-α) used by Rosen et al. (2004) where α is the yield for alkyl nitrate formation. For VOCs not listed in Rosen et al. (2004) , literature values (Atkinson, 1994) were used when available and estimates made otherwise (see supporting information, Table S1 ). These estimates have a minor effect on the overall calculated values of P (SOA)/P (O x ) for the Mexico City and La Porte measurements; doubling or halving the estimates for a and k OH changes the calculated ratios by less than 10%. We note that the VOCs that account for over 80% of calculated P (O x ) have a, k OH , and F values available in the literature. Similarly, varying the estimates of F between 0.7 and 1 has a small (<10%) impact on the final calculations. Peroxyacetyl nitrate (PAN, and other peroxyacyl compounds) are assumed to be in equilibrium with NO 2 and their precursor peroxy acyl radicals (acetaldehyde for PAN). Net formation of peroxyacyl nitrates would require lowering the F value for the corresponding OVOCs. Lowering the F values for acetaldehyde and acetone (to account for net formation of peroxyacetyl nitrates) to 0.8 leads to calculated values of P (OOA)/P (O x ) that are at most 10% higher than the base case calculations.
Aerosol yields are based on the laboratory measurements of Odum et al (1997) and Ng et al. (2007b) for aromatic VOCs, Lim and Ziemann (2005) for alkanes, Carlton et al. (2009) for isoprene, and Griffin et al. (1999) for all other biogenic VOCs. Semivolatile partitioning (loadingand temperature-dependent yields) is not treated explicitly; instead the yields for each half-hour average P (SOA)/P (O x ) calculation are based on the ambient temperature and mass concentration of the absorbing particle phase (M o , set equal to [OOA] ) at the time of the VOC measurements. We note that the calculations of P (SOA)/P (O x ) described here use measurements of OOA itself, an "advantage" that a 3-D predictive model would not have. If a model tends to underpredict SOA, using the measured M o rather than a model calculation of this quantity results in an upper limit of the calculated SOA . A second set of calculations was performed with M o set constant to a value of 5 µg/m 3 for comparison. The yields for benzene, toluene, and xylene isomers are from the "high-NO x " parameterization of Ng et al. (2007b) . We assign the yields measured for m-xylene (Ng et al., 2007b) to o-and p-xylene as well. All other aromatic VOCs are treated by assigning each precursor as a "high-yield" or "low-yield" aromatic and using the corresponding SOA yield parameterization (Odum et al., 1997) . Aromatics other than those explicitly studied by Odum et al. (1997) (including PAHs) are assumed to be "high-yield". SOA yields from alkanes (Lim and Ziemann, 2005) have not been measured as a function of M o , and instead have only been measured at very high loadings. The M o -dependence of those species was estimated using Eq. (7) based on the 2-product parameterization of Odum et al. (1996) , assuming stoichiometric coefficients (α) are constant for all alkanes and equilibrium partitioning coefficient (K p ) values increase by a factor of 3 for each carbon added (Pankow and Asher, 2008) .
where C is the number of carbons for each alkane. This results in yields (for [M o ]=5 µg/m 3 ) ranging from ∼1% for alkanes with 10 carbons to ∼55% for alkanes with 19 or more carbons. Yields from other hydrocarbons (e.g., alkenes, cycloalkanes, etc) were assumed to be the same as those of n-alkanes with the same carbon number. Long-chain oxygenated organics, which are present in diesel exhaust (Schauer et al., 1999) , were also assumed to have similar SOA yields, but with K p values higher by a factor of 10 (for aldehydes) to 1000 (for carboxylic acids), consistent with the effect of functional groups on vapor pressures (Pankow and Asher, 2008) .
SOA formation from the oxidation of VOCs by O 3 and NO 3 is disregarded in these calculations but can be included by substituting the relevant analogous quantities (e.g., VOC+O 3 rate constants, O 3 concentrations, and SOA yields from ozonolysis reactions) in Eq. (3) (Atkinson, 1994; Griffin et al., 1999) . The product of these three terms is only competitive with OH reaction for biogenic VOCs. Figure 6 depicts the calculated values of P (SOA)/P (O x ) plotted versus time of day for both the Mexico City and La Porte data sets. Each small dot represents the calculation using the individual 30-min average VOC concentrations and the large squares are the averages within each hour. Two sets of calculations were performed for both datasetsone with the aerosol yields calculated using a fixed value of 5 µg/m 3 for M o and one calculated using the observed (timevarying) OOA concentration, which varied from 0.1 µg/m 3 to over 15 µg/m 3 . Additionally, the Mexico City calculations are done both with and without limonene. The Mexico City calculations are dominated by measurements at PTP, with only a few measurements at T0 (including the two measurements between 06:00 and 08:00). The calculated values of P (SOA)/P (O x ) range from 2 to 48 µg m −3 /ppmv for the Mexico City measurements and 1 to 26 for the La Porte measurements. For both cases, the calculations are almost an order of magnitude lower than the observed values of Fig. 3 . For La Porte (with M o set to 5 µg/m 3 ), calculated P (SOA)/P (O x ) values are lowest during the day because aromatic VOCs account for the smallest fraction of total VOCs during the day.
The calculated values of P (SOA)/P (O x ) are slightly higher at night (not shown) but are not very meaningful since the absolute values of P (SOA) and P (O x ) are both very low. The calculated diurnal trend for the Mexico City dataset (with M o constant) is similar to the La Porte trend. Differences between the actual OOA concentrations and the fixed M o value of 5 µg/m 3 at times leads to substantial differences between the 2 sets of calculations in Mexico City and La Porte. In all cases, however, the calculated ratio of production rates are much smaller than the observed values of OOA/ O x .
Although the calculations do not reproduce the observed values of OOA/ O x , an examination of the relative contribution of various VOC classes to these calculations provides insight into the discrepancy. We focus on the detailed results from two distinct time periods and locations: 1) early morning at T0 in Mexico City (close to fresh urban emissions), and 2) afternoon measurements on 30 August 2000 at La Porte during a well-studied photochemical episode. For each of the two cases, the contribution of each category of VOCs to both P (O x ) and P (SOA) along with the P (SOA)/P (O x ) ratio are shown in Fig. 7 , with detailed information available in the supporting information (Tables S2 and S3 ). A value of 5 µg/m 3 was used for M o for these calculations shown in Fig. 7 . The underestimation of P (O x ) caused by ignoring the peroxy radicals produced directly from formaldehyde pho- tolysis is calculated as 15% at most. This simplification is needed so that the OH terms cancel in Eq. (4). The morning measurements at T0 in Mexico City (Fig. 7 ) were made between 06:00 and 06:30 on 29 March 2006, during a low biomass burning period . They are assumed to be representative of typical urban emissions in Mexico City (similar to those presented by Velasco et al., 2007) . VOCs during this time period had experienced minimal photochemical processing. The PTR-MS measurements of total C2-benzenes were assumed to consist of 17% ethyl benzenes and the remainder xylene isomers, in agreement with the speciation measured by Velasco et al. (2007) and that observed in a Mexican road tunnel (Mugica, 2001) . PTR-MS measurements of C3-benzenes were assumed to consist of 7% propyl-benzenes (Rogers et al., 2006) , 48% trimethylbenzenes, and 45% ethyltoluene isomers. P (SOA)/P (O x ) was calculated twice: once with all measured VOCs, and once with limonene disregarded. Limonene, which reacts rapidly with OH and has a high SOA yield, was reported at a seemingly high concentration of 2.6 ppb. It is not clear if the limonene observed was of biogenic origin (in which case the concentrations were likely well mixed spatially) or of anthropogenic origin (e.g., due to nearby cleaning activity), in which case the measurements may not reflect the overall VOC composition of Mexico City. Isoprene and α-pinene concentrations, two other compounds of predominantly biogenic origin, were 0.33 ppbv and 2.6 ppbv, respectively, suggesting that there may have been a non-negligible biogenic influence on the air mass. For comparison, the 24 h average isoprene mixing ratio at T0 during the entire month was 0.213 ± 0.134 ppb (1 sigma) (Apel et al., 2010) , indicating that the measurements on 29 March are not extraordinary. Nevertheless, both simulations (with and without limonene) are considered because of the large impact limonene has on the results.
The P (SOA)/P (O x ) ratio using VOC measurements obtained between 08:00 and 11:00 at PTP is 32 µg m −3 /ppmv calculated with all VOCs and 19 µg m −3 /ppmv with limonene disregarded. These calculated values are factors of 5 and 8 lower than the measured value of 160 for
[OOA]/ [O x ]. The largest contributors to P (O x ) are alkenes and aromatic VOCs, accounting for a combined 62% of P (O x ), with the remainder almost evenly split between alkanes, CO, and oxygenated VOCs (OVOC). The relative contribution of these VOC groups to ozone formation was similar to those reported by Lei et al. (2007) .
With limonene disregarded, aromatic VOCs account for 84% of the calculated P (SOA), consistent with previous results in Mexico City using traditional SOA models Volkamer et al., 2006) . The only non-aromatic compounds that account for at least 1% of P (SOA) are a-pinene, n-undecane, and n-dodecane, which account for 10%, 1.7%, and 1.7% of P (SOA), respectively. When included, limonene accounts for 10% of P (O x ) and almost 50% of P (SOA). The calculation summarized in Fig. 7 uses a fixed M o value of 5 to facilitate comparison to the La Porte data set. M o was set equal to the observed OOA concentration for the simulations presented in Fig. 6 . [O 3 ] was near zero due to the high NO concentration, and we can deduce that [NO 3 ] was near zero as well. Thus SOA formation from reactions of organic compounds with O 3 and NO 3 was negligible.
The high O 3 episode on 31 August 2000 in La Porte, Texas has been well characterized in the literature and serves as a good contrast to the urban VOC mix in Mexico City. The high ozone concentrations (>200 ppbv) observed were largely caused by very high concentrations of light alkenes (mainly ethene and propene) emitted by petrochemical facilities. Since these compounds and their oxidation products have high vapor pressures, they are not expected to contribute greatly to SOA formation (though we note that oxidation of ethyne can lead to SOA formation via glyoxal uptake, Volkamer et al., 2009) . The much lower slope of [OOA]/ [O x ] observed during the petrochemical plume confirms that oxidation of small alkenes does not produce appreciable amounts of SOA. Almost 50% of the calculated O x production is due to ethene and propene, with the remainder due to oxygenated VOCs (33%) and alkanes (12%). Aromatic VOCs are minor contributors to P (O x ) in La Porte (less than 2%), though they account for over 20% of P (O x ) at T0 in Mexico City. The calculated contributions to SOA production in La Porte are similar to those in Mexico City: over 80% from aromatic VOCs, 3% from large (>C9) alkanes, and 12% from the sum of isoprene, α -pinene, and limonene. The calculated P (SOA)/P (O x ) ratio is 1.9 µg m −3 /ppmv, compared to the observed value of 30 µg m −3 /ppmv on 30 August 2000 (in the industrial plume). The explanation for the smaller calculated value of P (SOA)/P (O x ) in La Porte is that aromatic VOCs account for a smaller portion of total VOCs, and a large portion of P (O x ) is from light alkenes, which do not form significant SOA. The discrepancy factor of 12 between the calculated values of P (SOA)/P (O x ) and the measured [OOA]/ [O x ] is larger than that for the T0 calculation. This is partially explained by the fact that the two measured VOC datasets are not identical (e.g., n-undecane and n-dodecane were not measured in La Porte). Limonene accounts for on average 10% to 15% of calculated P (SOA) in La Porte, even with an average mixing ratio of only 9 ppt. Ozonolysis was not included in the calculations depicted in Fig. 7 . We calculate that the contributions to SOA formation from ozonolysis of isoprene, α-pinene, and limonene are comparable to that from OH reaction.
The discrepancy between models and measurements
We estimate that the uncertainty in P (SOA)/P (O x ) calculated using Eq. (4) is at most a factor of three, and dominated by the uncertainty in the SOA yields. These calculated values of P (SOA)/P (O x ) are 5 to 15 times lower than the ob-
values. This range of "discrepancy factors" is similar to those found in several prior studies. Calculations of SOA off the coast of New England by de Gouw et al. (2005) using measurements of gas-phase precursors and particulate organic matter (and older, lower SOA yields for aromatic VOCs) were low by a factor of 14. Calculations of [SOA] in Mexico City in 2003 using an SOA partitioning model constrained by measurements of OH, VOCs, and other species at a more urban site in Mexico City were also low by at least a factor of 8 , although a reanalysis of that case study with more realistic assumptions concluded that the underestimate with traditional models was a factor of 17 . In both those studies, aromatic VOCs were calculated to be the most important SOA precursors, accounting for 79% (deGouw) and 80% (Volkamer) of SOA formation, whereas alkanes contributed 21% (deGouw) and 4% (Volkamer) , and alkenes 0% (deGouw) and 16% (Volkamer) . The magnitude of the models' underestimations cannot be solely attributed to uncertainty in the SOA yields. Although these yields are a function of several parameters such as [NO x ] and existing gas-phase and aerosol concentrations, and though synergistic interactions between various compounds may not be captured in laboratory studies, increases by a factor of 10 are unlikely. Dzepina et al (2009) evaluated the effect of the low-NO x , high yield channels for SOA formation from aromatic VOCs (Ng et al., 2007b) in Mexico City and concluded that it has a negligible effect (<1%) on the high-NO x environment of downtown Mexico City. Use of the net rather than the gross O x and SOA calculated production rates would lead to more accurate predic-
, though it is unlikely that O x and SOA losses can account for the order of magnitude shortfall between the calculations and the observations. For example, during the afternoon of 12 March 2006 at PTP, the gross production rate of O x was 50 ppbv/hr and the O x destruction rate was 12 ppbv/hr . If this ratio of O x destruction to production rates always held true (a generalization) and the SOA loss rates were negligible compared to the production rates, then this would decrease the discrepancy by only 20%.
The SOA yields used in the P (SOA)/P (O x ) calculations were based on M o values set equal to either 5 µg/m 3 or the observed OOA concentration -the latter choice based on the results of Song et al. (2007) . If total organic aerosol (including POA) is actually a more appropriate proxy for M o and were used to calculate the SOA yields, the calculated values of P (SOA)/P (O x ) would increase and be closer to the observed [OOA]/ [O x ] values. For example, increasing M o from 5 µg/m 3 to 20 µg/m 3 increases the high-NO x SOA yield for toluene by 75% (Ng et al., 2007b) .
The results of Hofzumahaus et al. (2009) suggest that Eq. (2) may overestimate the true values of P (O x ). An overestimation of P (O x ) would lead to an underestimation of P (SOA)/P (O x ) and be consistent with the discrepancy between the calculated values of P (SOA)/P (O x ) and the observed values of [OOA]/ [O x ]. In order to assess the accuracy of the P (O x ) calculations using Eq. (2), we compare the calculated values of P (O x ) to those determined for both Mexico City and La Porte by other methods. For calculations of daytime P (O x ) (between 11:00 and 15:00 local time), a value of 6×10 6 molecules/cm 3 is assumed for [OH] , based on OH measurements near the center of Mexico City from 2003 and 2006 (Dusanter et al., 2009) and a model estimate from the afternoon of 12 March at PTP . Such estimates of [OH] are only needed to calculate the absolute values of P (O x ) and are not used to calculate P (SOA)/P (O x ). Calculated values of P (O x ) using these assumed [OH] values between 11:00 and 15:00 at PTP range from 15 to 67 ppbv/hr, consistent with the value of 50 ppbv/hr observed on the afternoon of 12 March 2006 . P (O x ) calculated using VOC measurements at T0 between 08:30 and 10:00 on 29 March are 110 to 120 ppbv/hr (using [OH]=4×10 6 molecules/cm 3 ). For comparison, the portion of P (O x ) that is due to the reaction of HO 2 and NO only (i.e., excluding the oxidation of NO by organic peroxy radicals) has been calculated as 80 ppbv/hr between 08:00 and 10:00 based on measurements of HO 2 and NO at T0 (Dusanter et al., 2009) . P (O x ) calculated for 14:00 at La Porte on 30 August 2000 (in a highly reactive petrochemical plume) is 38 ppbv/hr (also using [OH]=6×10 6 molecules/cm 3 ), whereas the interquartile of P (O x ) values for petrochemical plumes calculated in Kleinman et al. (2005) is 30 to 70 ppbv/hr. The generally good agreement in P (O x ) calculated using Eq. (2) and the other methods suggests that our P (O x ) calculations are not greatly overestimated.
This model used here only considers gas-phase species (VOCs) as OOA precursors. Oxidation of primary organic aerosol (heterogenously or in the gas-phase following evaporation) is another source of OOA that this framework of P (SOA)/P (O x ) does not include, though likely a minor one .
P (SOA)/P (O x ) for gasoline and diesel exhaust
The accuracy of the P (SOA)/P (O x ) calculations using Eq. (4) relies on the completeness of the VOC datasets. Although an extensive number of VOCs were measured in both Mexico City and La Porte, numerous organic compounds that are emitted from on-road vehicles (and other emission sources) were not measured. These compounds likely play an important role in SOA formation and possibly ozone formation as well. Measurements of the total OH reactivity (Kovacs and Brune, 2001 ) in several urban settings including Mexico City and New York have been shown to agree with the total OH reactivity calculated using measured VOC concentrations and known literature values for OH rate constants ( k OH+VOC [VOC]) only to within 30%. Sheehy et al. (2008) report that the measured OH reactivity in Mexico City is underpredicted from that calculated using VOC measurements, especially during the morning rush hour. A similar gap was observed between the measured total C-H stretches using Fourier transform infrared spectroscopy during MCMA-2003 and those calculated from the measured species ). Measurements of total non-methane organic carbon mass (Chung, 2003; Lewis, 2000) exceeded the sum of speciated VOCs by up to 20-45% in photochemically aged air in southern California and Melbourne, thus indicating the existence of "missing" VOCs.
To assess the importance of unmeasured VOCs, we calculate the relative rates of P (SOA) and P (O x ) using the emission factors for gasoline (petrol)-and diesel-fueled vehicles from Schauer et al. (1999 Schauer et al. ( , 2002 . These studies quantified over 140 VOCs in both the gas and particulate phases in the exhaust of diesel vehicles, gasoline vehicles with a catalytic converter, and gasoline vehicles without a catalytic converter. The emission factors of these studies (in µg of VOC per km driven) were converted to molar emission rates and used in Eq. (4). Absolute rates of P (SOA) and P (O x ) are not calculated since that would require extrapolation of the emission rates to ambient concentrations and an estimate of the OH concentration. The ratio of P (SOA) to P (O x ), however, depends only on the relative VOC speciation and the value of M o used to calculate SOA yields (5 µg/m 3 for these calculations).
A large portion of the organic carbon emitted by diesel engines could not be resolved as discrete peaks in gas chromatographs (Schauer et al., 1999 (Schauer et al., , 2002 . These emissions are known as the "unresolved complex mixture" and henceforth referred to as "UCM". The total mass of the semivolatile gas-phase UCM was equal to 19% of the total volatile emissions and 123% of the total mass of particulate matter in diesel exhaust (measured at an exhaust dilution ratio of 130). The total mass of the particulate UCM was equal to 95% of the total particulate matter emissions. The mass of gaseous UCM measured from gasoline vehicles accounted for less than 1% of total emissions (Schauer et al., 2002) . Particulate matter emissions from gasoline-fueled vehicles were negligible -equal to less than 1% of total VOC emissions by mass.
Calculations of P (SOA) and P (O x ) for both gasoline and diesel engines using the tabulated VOC emission factors of Schauer et al. (1999 Schauer et al. ( , 2002 are summarized in Fig. 8 and Table 1 . CO emissions were not quantified by Schauer et al. (1999 Schauer et al. ( , 2002 . CO emission factors of 14 g/km and 5.5 g/km were used for gasoline and diesel vehicles, respectively, based on fuel-based emission factors reported elsewhere (Ban-Weiss et al., 2008; Zavala et al., 2009 ) and assumed fuel efficiencies of 6.6 km/L for gasoline vehicles and 1.4 km/L for diesel vehicles. The emission rate of methyl tertiary butyl ether (MTBE) was set to zero for the calculations.
The calculation of P (O x ) for gasoline engines is similar to that calculated using ambient VOC measurements. Total alkanes, alkenes, aromatic VOCs, oxygenated VOCs, and CO account for 20%, 39%, 24%, 10%, and 7% of P (O x ) in gasoline exhaust, respectively. This calculation assumes that 20% of the on-road vehicles do not have functioning catalytic converters, as is the case in Mexico City . VOC emissions from gasoline engines without a standard 3-way catalytic converter are roughly an order of magnitude higher than those with catalysts (Schauer et al., 2002) , though there is some variation among the VOCs. Compounds that were measured in Mexico City and La Porte (i.e., VOCs with carbon number between 2 and 12) account for over 90% of P (O x ) from gasoline-fueled vehicles. Of the total calculated P (SOA) GASOLINE , 97% is accounted for by aromatic VOCs. These calculations for gasoline exhaust roughly agree with laboratory studies of gasoline photo-oxidation, in which the aromatic fraction of the fuel was found to account for 85% to 100% of the SOA produced upon oxidation (Kleindienst et al., 2002; Odum et al., 1997) . The calculated ratio P (SOA)/P (O x ) for gasoline exhaust is 18.7 µg m −3 /ppm -slightly higher than the ratio calculated using available VOC measurements and still much lower than the observed values for [OOA]/ [O x ] (80 to 160) in Mexico City.
Four sets of calculations are performed for diesel exhaust and are summarized in Table 2 . The first case ("gaseous only") considers only the gas-phase emissions from Schauer et al. (1999) and ignores the UCM emissions and all PM emissions. The second case ("gaseous + UCM") includes the gaseous UCM emissions. The third case ("gaseous + PM") includes both the gaseous and particulate emissions, with the hypothetical assumption that all particulate matter emissions evaporate upon dilution. The fourth case ("gaseous/PM + UCM") also includes the particulate UCM emissions. This case serves as an upper bound for the SOA that could be produced from the evaporation and subsequent oxidation of the semi-volatile components of the exhaust. The calculations for the "gaseous only" case indicate that alkanes and alkenes only account for 3% and 8% of Table 1 . Summary of the relative contribution of various VOC classes to O x and SOA production from gasoline and diesel exhaust. The on-road fuel mix is defined as 22% diesel and 78% gasoline by volume. The "benzene + C2, C3 benzenes" category includes benzene, toluene, ethyl benzene, xylenes, propyl benzenes, trimethyl benzenes, and ethyl toluenes. SOA yields are based on an M o value of 5 µg/m 3 . UCM not included.
Gasoline
Diesel On-road mix P (O x ) in diesel exhaust, respectively, whereas CO accounts for 30% and OVOCs account for 50% (largely from acetaldehyde and propanal). Alkanes, OVOCs, and aromatic VOCs account for 68%, 18%, and 14% of calculated P (SOA) from diesel exhaust -a stark contrast from that calculated for gasoline exhaust. The calculated ratio P (SOA)/P (O x ) for diesel exhaust (the "gaseous only" case) is 28. The large contribution of alkanes to calculated P (SOA) in diesel exhaust is due to the high yields of large alkanes as discussed earlier.
For the "gaseous + UCM" case, the UCM is treated as a compound with an SOA yield of 50%, an OH rate constant of 3×10 −11 cm 3 molecule −1 s −1 , an F value of 0.7 and an a value of 2. The calculated value of P (SOA)/P (O x ) for this "gaseous + UCM" case is 232, with the UCM accounting for 88% of P (SOA). This is in semi-quantitative agreement with diesel oxidation experiments which have shown that aromatic VOCs are minor SOA precursors in diesel exhaust . The calculated values of P (SOA)/P (O x ) for diesel exhaust are 31 when the resolved particulate emissions are included (but ignoring UCM) and 340 when all gaseous, particulate, and UCM emissions are included. Calculated P (O x ) is minimally affected by UCM because of its relatively low molar emission rate.
The final two columns in Table 1 are calculations of P (SOA)/P (O x ) for an "urban mix" consisting of 78% gasoline and 22% diesel by volume according to their proportional fuel sales in Mexico City and assuming that the fuel efficiency (km/L) of gasoline-fueled vehicles was five times that of diesel-fueled vehicles (a necessary assumption since the emission factors from Schauer et al. (1999 Schauer et al. ( , 2002 are distance-based rather than fuel-based). With only the gaseous emissions (no UCM) considered for diesel exhaust, the calculated value of P (SOA)/P (O x ) for the urban mix is 19 -only slightly higher than that calculated for gasoline vehicles only. When (gaseous) UCM emissions are included, P (SOA)/P (O x ) only increases to 28 (34 if particulate UCM is included). These calculations (incorrectly) indicate that both P (O x ) and P (SOA) are dominated by gasoline emissions due to the high absolute emission rates of alkenes and aromatic VOCs compared to diesel vehicles. This "urban mix" is not meant as a true representation of the Mexico City urban fleet, since it does not account for CNG or LNG-fueled vehicles nor any non-road emission sources. Additionally, there are differences between the VOC emission profiles used for the calculations (based on California vehicles from the 1990s) (Schauer et al., 1999 (Schauer et al., , 2002 and those observed in a tunnel in Mexico City (Mugica, 2001) . Note that the calculated value of P (SOA)/P (O x ) for the "urban mix" does not (and mathematically should not) equal the weighted average of the gasoline and diesel calculations.
Three possible conclusions are drawn from the lack of agreement between the calculated P (SOA)/P (O x ) values and the observed range in [OOA]/ [O x ]: 1) there are unmeasured SOA precursors (possibly including non-vehicular sources) beyond those quantified in diesel and gasoline exhaust, 2) the vehicles studied by Schauer et al. (1999 Schauer et al. ( , 2002 do not reflect the vehicle fleet in Mexico City or Houston, and 3) SOA formation from diesel exhaust cannot accurately be treated using this formulation of SOA production. These results do suggest that the [OOA]/ [O x ] ratio in an urban area should be affected by the fuel composition of the vehicle fleet, with highest values observed in areas in which diesel fuel accounts for a large portion of total fuel use.
Measurements of the total OH reactivity There is considerable variation in the extent of correlation (e.g., R 2 values) observed between OOA and O x in the aforementioned studies and for the datasets shown in Fig. 2 . A high degree of correlation does not necessarily indicate that the formation mechanisms of OOA and O x are actually correlated. For example, OOA and O x are highly correlated at PTP during most mornings . This correlation is the result of meteorological transport and does not prove any correlation between SOA and O 3 chemistry. PTP is above the shallow mixing layer during most nights, and during the morning upslope winds transport polluted air from below to PTP, leading to rapid increases in the concentrations of all species measured and tight correlations among all species. Similarly, the large range of pollutant concentrations observed from the C-130 aircraft can be the result of sampling air masses at varying levels of dilution, and from different source regions of various ages, as demonstrated by DeCarlo et al. (2010) for HCN and aerosol sulfate.
At PTP and at La Porte (prior to 4 September 2000), the daily increases in OOA and O x were largely the result of photochemical conversion of relatively "recent" VOC emissions on a time scale of less than 12 h. From the preceding analysis and other studies (e.g., Weitkamp et al., 2007) it is apparent that OOA and O x are formed from separate sets of VOC precursors. The emission profiles of ozone-forming VOCs and SOA-forming VOCs are likely correlated both spatially and temporally, however, leading to the correlations observed in [OOA] and [O x ] (Fig. 3) .
The poor correlation of OOA with O x observed between 4 September and 9 September at La Porte indicates large differences in the timescales of production and loss for OOA and O x . This is consistent with back-trajectories for the air masses observed at La Porte during this time period, which showed that a large portion of the PM observed was highly aged, had spent several days in transport to La Porte, and was impacted by biomass burning , whereas most of the ozone had formed over a more recent (and shorter) time period. This is evident in the diurnal trends of OOA and O x in Fig. 2 . Both OOA and O x exhibited a common diurnal pattern consisting of a daily increase starting in the morning (likely the result of photochemical production and mixing from aloft) followed by a decrease in the early evening. From 4 to 6 September 2000 there was also a steady increase of both species over several days superimposed on the diurnal trends. The "slow" multi-day increase in [OOA] was greater than the daily increases observed during the rest of the dataset, whereas this "slow" increase in O x was small compared to the daily increases, leading to an overall poor correlation between OOA and O x . The correlation for individual days between 4 and 9 September 2000 (not shown) is better than that for all five days together.
The (Figs. 3 and 5) is likely caused by a combination of several factors, including increased evaporation of SV-OOA, mixing with air during boundary layer growth of variable OOA and O x levels, and a decrease in the ratio P (SOA)/P (O x ). The increase in ambient temperature that occurs between morning and afternoon favors partitioning of semivolatile compounds to the vapor phase. Dry deposition of the semivolatile organic compounds that are in equilibrium with the SOA formed would also lead to evaporation of OOA in order to re-establish equilibrium and is a potentially large sink of SOA . As shown in Fig. 5 (Fig. 5, R 2 =0 .96 on 11 and 12 March 2006), similar to observations in Pittsburgh (where the correlation is even better with ammonium chloride, also a semivolatile species) and in Switzerland (Lanz et al., 2007) . Similar correlations between water-soluble organic carbon and nitrate were observed at the T1 site in Mexico City (Hennigan et al., 2008) . The diurnal trends of [SV-OOA] and its correlation with NO − 3 (PM 1 ) have been used as evidence of the volatility of SV-OOA since NO − 3 (PM 1 ) is itself semivolatile (e.g., Lanz et al., 2007) . Although there was increasing evaporation of ammonium nitrate during the daytime in Mexico City (Hennigan et al., 2008) (Fig. 5) . However, evaporation of ammonium nitrate and the subsequent release of gas-phase nitric acid (HNO 3(g) ) was minimal during these time periods: [HNO 3(g) ] was equal to less than 20% of [NO − 3 (PM 1 ) ] until 15:00 . We note that SV-OOA also correlates well with the sum of aerosol nitrate and HNO 3 (not shown), a quantity that is not affected by the partitioning between condensed nitrate (NO − 3 (PM 1 ) ) and volatile nitrate (HNO 3(g) A decrease in P (SOA)/P (O x ) is another possible explanation for the observed decrease in [OOA]/[O x ]. Large decreases in P (SOA)/P (O x ) could be caused by more rapid depletion of the (unmeasured) SOA precursors than O 3 precursors, a decrease in SOA yields caused by increased temperatures and/or lower NO x concentrations in the afternoon, and/or differences in the diurnal emissions profiles of both groups of precursors. The first explanation (faster depletion of SOA precursors) is certainly reasonable for large (>12 carbons) alkanes (including biogenic compounds like limonene), since they are rarely measured, react faster with OH than smaller VOCs do, and have high aerosol formation yields (Lim and Ziemann, 2005) . NO x concentrations decrease during the day due to the dilution caused by the growth of the mixing height. Although the SOA yields for many VOCs increase with decreasing [NO x ] (Kroll and Seinfeld, 2008) , the yields for larger VOCs (e.g., sesquiterpenes) have been shown to increase with [NO x ] (Ng et al., 2007a) . If the yields for the VOCs that are responsible for the "missing" SOA formation in Mexico City increase with NO x then a decrease in P (SOA)/P (O x ) would be expected to occur as boundary layer rises. The nighttime accumulation of SOA and O x precursors in the shallow urban boundary layer of Mexico City would lead also to a large decrease in [SOA]/[O x ] during the day if SOA precursors are consumed significantly faster than O x precursors.
Conclusions
A correlation between odd-oxygen and oxygenated organic aerosol, interpreted as secondary organic aerosol, has been observed in Mexico City and La Porte, TX. At ground sites, the correlation was strong during periods of intense photochemistry and when changes in pollutant concentrations were caused by boundary layer dynamics rather than in situ photochemistry. The ratio of OOA/ O x varied by a factor of 5 between the 2 locations, and was lowest during time periods in which ozone formation was dominated by oxidation of light alkenes.
Similar to other studies, efforts to model the OOA/ O x ratio using available C 2 -C 12 VOC measurements and laboratory kinetic and yield data are low by approximately an order of magnitude, suggesting that the use of traditional SOA formation mechanisms is inappropriate for modelling atmospheric organic aerosol. Although these calculations of P (SOA)/P (O x ) do not reproduce the observations, the overall approach of modeling the ratio of these two photochemical products (SOA and O 3 ) rather than the absolute concentrations themselves may be more successful using improved formulations for the rate of SOA formation (e.g. Tsimpidi et al., 2010) . Furthermore, the calculations using diesel and gasoline emission factors do indicate that 
